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Purrosk. To analyze microvascular and structural changes in radiation maculopathy and their
influence on visual acuity (VA), using optical coherence tomography (OCT) and OCT
angiography (OCTA).

Mernops. This was a retrospective analysis of consecutive patients with radiation
maculopathy, 12 months or more after proton-beam irradiation for uveal melanoma, imaged
with fluorescein angiography, OCT, and OCTA. Clinical parameters potentially affecting VA
were recorded, including OCTA-derived metrics: foveal avascular zone (FAZ) area, vascular
density, and local fractal dimension of the superficial (SCP) and deep capillary plexuses
(DCP). Nonirradiated fellow eyes served as controls.

Resurts. Ninety-three patients were included. FAZ was larger, while SCP/DCP capillary density
and local fractal dimension were lower in the 35 irradiated than in the 35 fellow eyes (P <
0.0001). Microvascular alterations graded on fluorescein angiography (minimally damaged/
disrupted/disorganized) were correlated to FAZ area and SCP/DCP density on OCTA (P <
0.01). By univariate analysis, worse VA was associated to macular detachment at presentation
(P = 0.024), total macular irradiation (P = 0.0008), higher central macular thickness (CMT)
(P = 0.019), higher absolute CMT variation (P < 0.0001), cystoid edema (P = 0.030),
ellipsoid zone disruption (P = 0.002), larger FAZ (P < 0.0001), lower SCP (P = 0.001) and
DCP capillary density (P < 0.0001), and lower SCP (P = 0.009) and DCP local fractal
dimension (P < 0.0001). Two multivariate models with either capillary density or fractal
dimension as covariate showed that younger age (P = 0.014/0.017), ellipsoid zone disruption
(P = 0.034/0.019), larger FAZ (P = 0.0006/0.002), and lower DCP density (P = 0.008) or
DCP fractal dimension (P = 0.012), respectively, were associated with worse VA.

Concrusions. VA of eyes with radiation maculopathy is influenced by structural and
microvascular factors identified with OCTA, including FAZ area and DCP integrity.

Keywords: melanoma, optical coherence tomography, radiation damage, image analysis,
microcirculation

Radiation maculopathy is a devastating cause of visual
impairment in eyes irradiated for intraocular tumors,! the
most frequent indication being uveal melanoma. Currently,
proton-beam therapy allows local tumor control and eye
preservation in most cases. Yet, for tumors close to or
involving the macula, visual acuity may be jeopardized by the
irradiation of the macular microvasculature, leading to the
development of radiation maculopathy. This delayed compli-
cation presents clinically with lipid exudates and hemorrhages
on fundus examination, cystoid macular edema or macular
thinning in end-stage disease on optical coherence tomogra-
phy (OCT), and exudative telangiectasia with disrupted
vascular network and nonperfusion areas on fluorescein

angiography (FA).2

OCT angiography (OCTA) is a recent noninvasive technique
visualizing the macular microvasculature via flow detection. Its
advantages over FA are its higher resolution and reproducibil-
ity,>4 and its ability to segment capillary plexuses forming the
macular microvasculature and their alterations. Since macular
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capillaries are the primary site of injury in radiation maculop-
athy, OCTA is a powerful tool to investigate these pathologic
changes. Moreover, the recent adjunction of quantitative tools
to OCTA provides access to retinal microcirculatory metrics,
such as foveal avascular zone (FAZ) dimensions,>° capillary
density,”® and capillary network fractal dimension,” at the level
of both plexuses. Fractal dimension is a promising endpoint to
measure vascular network disorganization in OCTA images,
which has been used successfully in diabetic retinopathy!©-12
and posterior uveitis.'?

Ocular irradiation by I-125 plaque brachytherapy induces
microvascular changes detected by OCTA.'%!> However, the
consequences of proton-beam therapy, a major treatment
modality for uveal melanoma, have not been assessed by
OCTA. In this study, we investigated the spectrum of structural
and microvascular alterations in radiation maculopathy after
proton-beam therapy for uveal melanoma, and their respective
influence on visual acuity, using OCT and OCTA.
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METHODS

Study Subjects

This observational case series adhered to the tenets of the
Declaration of Helsinki and was approved by the local Ethics
Committee (CER-VD No. 2016-01861). Medical records, OCT,
OCTA, and FA images from consecutive subjects treated by
proton-beam irradiation for uveal melanoma, and presenting
with radiation maculopathy from August 2015 to July 2016,
were retrospectively analyzed. Clinical records included
systemic (sex, age, presence of hypertension or diabetes),
tumor-related (largest diameter, height, localization, and
presence of macular detachment at presentation), and
treatment-related data (degree of macular irradiation, time
since proton-beam therapy, and intravitreal anti-vascular
endothelial growth factor [VEGF] treatment). At our institu-
tion, plaque brachytherapy is performed for anteriorly located
choroidal tumors (located >4 mm from the macula) of limited
thickness (<5 mm). In these cases, macular irradiation is very
limited, and radiation maculopathy rarely develops. Therefore,
only proton-beam-irradiated patients were included, to analyze
the consequences of unavoidable macular irradiation. Proton-
beam therapy was administered according to an individualized
protocol established on the EyePlan software!® (v3.06¢), after
implantation of tantalum clips.

Eyes with history of other retinal disease, those that had
received proton therapy less than 12 months earlier, with low-
quality OCTA acquisitions (signal strength index < 40) or with
severe motion artifacts, were excluded. When available,
multimodal imaging acquired in the fellow nonirradiated eye,
including OCTA, served as control.

Multimodal Imaging

B-mode, en face OCT and OCTA images were acquired on
Angiovue RTx 100 (Optovue, Inc., Fremont, CA, USA). The
correct automatic segmentation providing OCTA images of the
superficial and deep plexuses was visually controlled. Central
macular thickness (CMT) was measured on OCT volumes in
the central subfield of an adapted Early Treatment of Diabetic
Retinopathy Study (ETDRS) grid centered on the fovea.

FA was performed on Spectralis (Heidelberg Engineering,
Heidelberg, Germany). Early frames (20-30 seconds after dye
injection) were acquired with a 30° lens. A 20 X 20° 97-section
B-mode OCT raster scan was acquired on Spectralis.

Capillary Network Density and Foveal Avascular
Zone

The mean vascular density of 3 X 3-mm OCTA images centered
on the fovea was obtained by using the built-in AngioAnalytics
software of the RTx 100 device (v2016.1.0.26), at the level of
the superficial and deep capillary plexuses.

The area of the FAZ was measured manually by two
independent observers on masked OCTA images of the
superficial capillary plexus, using Image] (v1.50c4, Wayne
Rasband; http://imagej.nih.gov/ij/; provided in the public
domain by the National Institutes of Health, Bethesda, MD,
USA). Capillary vessels surrounding the FAZ were outlined by
using the free contour function, to obtain the FAZ area in
square millimeter (pixel-to-millimeter scale, 304:3). The mean
from the two observers was retained.

Local Fractal Dimension

The local fractal dimension, based on the box-counting
method, was used to assess the degree of superficial and deep
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plexus disorganization on 3 X 3-mm OCTA. This method relies
on the self-similarity of a vascular network at different scales. It
calculates the fractal dimension, Df, such that the number N of
boxes of increasing pixel size R needed to cover a fractal object
in the image follows a power-law: Df = log(V)/log(R). For a
two-dimensional image, Df is between 1 and 2. If the object is
fractal over a limited range of box size R, this property is
reflected by the local fractal dimension, Dfjoca = —d(og(V))/
ddog(R)), corresponding to the local slope of the Df function
for a given box size range. If the Dfj,, function is constant
over a range of box sizes, then the image has a fractal behavior
over these R values.

The local fractal dimension was estimated from the
skeletonized 304 X 304-pixel .bmp image files exported by
the OCTA software, by using a custom algorithm adapted from
the “boxcount” program!” on Matlab (R2015b; MathWorks,
Inc., Natick, MA, USA). From preliminary assessments showing
that capillary networks on OCTA images presented a quasi-
fractal behavior for box sizes ranging from 23 to 2% (8 X 8 to 32
X 32 pixels), the local fractal dimension was calculated as the
mean value of the Dfj,ca function over 23-to-2%-pixel boxes in
each OCTA image. Illustrations of the pixel grids used to
calculate the local fractal dimension of skeletonized OCTA
images are provided in Figures 1 and 2.

Grading of Abnormal Features

Early-frame 30° fluorescein angiograms and OCTA images of
the superficial and deep capillary plexuses were classified into
three categories after qualitative evaluation of the macular
microvasculature: minimally damaged (absent or minimal
alterations), disrupted (focal interruptions of the perifoveal
capillary ring), and disorganized (diffuse or multifocal capillary
depletion).

OCT raster scans acquired on Spectralis were used to assess
the presence of intraretinal cysts and ellipsoid zone disruption.

All OCT, FA, and OCTA gradings were performed by two
independent observers (AM, AD). In case of discrepancy,
images were adjudicated by the senior investigator (LZ).

Statistical Analyses

Analyses were performed on Prism (version 5.0f; GraphPad
Software, La Jolla, CA, USA), using the Wilcoxon test for paired
comparisons, Pearson coefficients for correlations, y2, or
Fisher’s test for contingency analysis, where appropriate.
Interobserver agreement was estimated with the weighted
Cohen’s i for FA, OCT, and OCTA gradings, and the intraclass
correlation coefficient (ICC) for FAZ measurements, using the
“irr” package!'® on R (v3.3.0 [2016]; R Foundation for Statistical
Computing, Vienna, Austria). Clinical factors potentially
influencing best-corrected visual acuity (BCVA) were investi-
gated by using uni- and multivariate linear regression followed
by stepwise forward regression, using the “MASS” package!®
on R. Variables with significance level < .2 in the univariate
analysis, without strong correlation with each other (Pearson »
< 0.5), were computed into the multivariate model. The
logarithm of the minimal angle of resolution (logMAR) was
used for BCVA calculations. For descriptive purposes, BCVA
was categorized into discrete levels (<20/200, 20/125-20/50,
and >20/40). P values < 0.05 were considered significant.

RESULTS

Of 117 patients diagnosed with radiation maculopathy after
receiving proton-beam irradiation for uveal melanoma, 14 were
excluded owing to low OCTA image quality. The 93 included
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16- plxel boxes

Determination of the local fractal dimension in optical coherence tomography images of a 49-year-old woman with moderately severe

radiation maculopathy following proton-beam therapy for uveal melanoma. Best-corrected visual acuity was 20/30. The box-counting method was
applied to the superficial (top) and deep (bottom) capillary plexuses. Top and bottom left, Original optical coherence tomography angiography
images were skeletonized and superimposed with boxes of decreasing size: 32 pixels (top and bottom middle) and 16 pixels (top and bottom
right), and 8 pixels (not shown). The number N of 32-, 16-, and 8-pixel boxes required to cover the vascular network was counted, and the local
fractal dimension was estimated as the mean value of —d(log(V))/d(log(R)), where R is the box size in pixels. In this case, the local fractal dimension

was 1.879 and 1.880 in the superficial and deep plexus, respectively.

patients (50 women, 43 men; mean age: 61.4 *= 12 years [33-
84 years]) presented a broad dispersion of BCVA levels in their
irradiated eye, from hand motion to 20/20. BCVA was <20/200
in 33 eyes (36%), between 20/125 and 20/50 in 41 eyes (44%),
and >20/40 in 19 eyes (20%). Mean duration since proton-
beam treatment was 3.8 *= 2.7 years (range, 1-15 years).
According to treatment plans, all eyes received a collateral
macular irradiation >20 Gy, and 43 eyes (46%) with posteriorly
located melanomas received a full-dose macular irradiation.
Clinical characteristics according to BCVA levels and overall
descriptive characteristics are reported in Table 1 and
Supplementary Table 1, respectively.

OCTA examination of the fellow eye was available in 35
subjects. OCTA-derived indicators of the macular microvascu-
lature integrity in irradiated and nonirradiated fellow eyes are
reported in Table 2. The FAZ was larger in irradiated than in
fellow eyes (P < 0.0001). Similarly, capillary density and
capillary network local fractal dimension of the superficial and
deep plexuses were lower in irradiated than in nonirradiated
eyes (P < 0.0001).

There was substantial agreement between raters for the
qualitative grading of microvascular abnormalities on FA (x =
0.63) and OCTA (x =0.66 and 0.65 for the superficial and deep
plexus, respectively). There was an excellent agreement for
the FAZ area (ICC = 0.99), and for the detection of intraretinal

cysts (k = 0.94) and ellipsoid zone disruption on OCT (x =
0.86).

Figure 3 illustrates the spectrum of structural and micro-
vascular alterations observed in eyes with radiation maculop-
athy when using OCT, FA, and OCTA. The SCP and DCP imaged
by OCTA were graded as minimally damaged in 35 and 16 eyes,
disrupted in 42 and 47 eyes, and disorganized in 16 and 30
eyes, respectively. According to these categories, alterations
were more severe in the deep than the superficial plexus (P =
0.003). In 34 eyes (37%), alterations in the deep plexus were
more severely graded than in the superficial plexus, while the
inverse occurred in only five cases (5%) (P < 0.0001).

OCT and OCTA findings according to BCVA levels are
reported in Table 3. Since CMT may be abnormally increased or
decreased in eyes with radiation maculopathy, depending on
the presence of macular edema or thinning, the absolute
change in CMT from the mean value observed in the 35
nonirradiated fellow eyes (261 um) was considered as a clinical
variable in the analysis.

A correlation analysis between OCTA-derived parameters
revealed that qualitative grading (minimally damaged, disrupt-
ed, disorganized), vascular density, and local fractal dimension
were positively correlated with each other in the SCP and DCP,
and between both plexuses (P < 0.009). The correlation was
strongest between vascular density and local fractal dimension
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Ficure 2. Determination of the local fractal dimension of optical coherence tomography images of a 70-year old man with severe radiation
maculopathy following proton-beam therapy for uveal melanoma. Best-corrected visual acuity was 20/100. The box-counting method was applied to
the superficial (fop) and deep (bottom) capillary plexuses. Top and bottom left, Original optical coherence tomography angiography images were
skeletonized and superimposed with boxes of decreasing size: 32 pixels (fop and bottom middle), 16 pixels (top and bottom right), and 8 pixels
(not shown). The number N of 32-, 16-, and 8-pixel boxes required to cover the vascular network was counted, and the local fractal dimension was
estimated as the mean value of —d(log(V))/d(log(R)), where R is the box size in pixels. In this case, the local fractal dimension was 1.862 and 1.862
in the superficial and the deep plexus, respectively, lower than in the less severe case shown in Figure 1.

within each capillary plexus (Pearson 7 = 0.79 and 0.74 in the microvascular alteration on FA was correlated with CMT

superficial and deep plexuses, respectively). CMT and CMT
absolute change on OCT were correlated to vascular density (P
< 0.022) and local fractal dimension (P < 0.0001) in the deep
plexus, but not the superficial plexus. The FAZ area was

absolute change (P < 0.0001) and all OCTA-derived metrics
(P <0.01), except local fractal dimension. The detailed
correlation matrix is reported in Table 4.

A series of uni- and multivariate analyses were conducted to

correlated with all OCT- and OCTA-derived metrics (P < 0.015
and P < 0.009, respectively). Finally, the qualitative grading of

investigate the influence of clinical and imaging parameters on
BCVA. Results are reported in Table 5. Among clinical factors,

Tasii 1.  Clinical and Multimodal Imaging Characteristics According to the Final Visual Acuity in 93 Patients Who Underwent Proton-Beam Therapy
for Uveal Melanoma

<20/200 20/125-20/50 >20/40
Final BCVA, Snellen (n=33) (n = 41) (n=19)
Sex, male/female, No. 18/15 19/22 6/13
Age, y 55.7 = 11.4 654 *+ 103 625 + 13.1
Tumor height, mm 4.9 =20 4.6 1.8 4.0+ 1.3
Tumor distance to the fovea, disc diameter 1.0 £ 1.1 1.7 £ 1.1 1.8+ 1.0
Macular detachment at presentation, No. (%) 26 (79) 25 (61) 737D
Total macular irradiation, No. (%) 23 (70) 17 (41 3 (16)
Time since irradiation, y 3.8 £27 4.0+ 3.2 3.2+ 1.2
Treatment by intravitreal anti-VEGE No. (%) 927 18 (44) 7 37D
Hypertension 13 (39%) 17 (41%) 6 (32%)
Diabetes 2 (6%) 4 (10%) 2 (11%)

Investigative Ophthalmology & Visual Science

Continuous quantitative values are reported as mean * standard deviation.
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Comparison of Optical Coherence Tomography Angiography-Derived Metrics of the Parafoveal Microvasculature Between 35 Eyes

Treated With Proton-Beam Therapy for Uveal Melanoma, and Their Nonirradiated Fellow Eyes

OCTA Parameter Irradiated Eyes (n = 35) Nonirradiated Fellow Eyes (n = 35) P Valuet
Foveal avascular zone area,” X 10~3 mm? 1.373 = 1.84 (0.139-7.125) 0.266 = 0.113 (0.022-0.522) <0.0001
Capillary density
Superficial plexus 39.56 * 5.23 (29.89-51.17) 52.67 * 2.42 (48.87-58.19) <0.0001
Deep plexus 45.19 = 6.69 (23.43-58.41) 58.69 * 2.23 (52.83-62.75) <0.0001
Local fractal dimension
Superficial plexus 1.828 *= 0.046 (1.715-1.896) 1.908 = .007 (1.893-1.921) <0.0001
Deep plexus 1.819 = 0.099 (1.353-1.900) 1.902 * .008 (1.885-1.924) <0.0001

Values are provided as mean * standard deviation (range).
* Measured at the level of the superficial capillary plexus.
T Wilcoxon paired signed-rank test.

the univariate analysis identified macular detachment at
presentation (P = 0.024), tumor distance to the fovea (P =
0.001), and total macular irradiation (P = 0.0008) as associated
with worse BCVA levels, while older age was near significantly
associated with better BCVA levels (P = 0.068). Among imaging
factors, higher CMT (P = 0.019), higher absolute CMT change
(P < 0.0001), presence of intraretinal cystoid edema (P =
0.030) or ellipsoid zone disruption (P = 0.002), larger FAZ area
(P < 0.0001), lower superficial (P =0.001) and deep capillary
density (P < 0.0001), and lower superficial (P = 0.009) and
deep local fractal dimension (P < 0.0001) were all associated
with worse BCVA levels. Since vascular density and local fractal
dimension were strongly correlated in the superficial and deep
plexuses (Pearson »=0.79 and 0.74, respectively; Table 4), and
therefore could not be entered simultaneously in a multivariate
model, two separate models were computed with either
vascular density or local fractal dimension as covariate. In the
first model, younger age (P =0.014), presence of ellipsoid zone
disruption (P = 0.034), larger FAZ area (P = 0.0006), and lower
deep plexus vascular density (P = 0.008) were associated with
worse BCVA levels (adjusted R? = 0.44). The second model
yielded similar results, with younger age (P = 0.017), presence
of ellipsoid zone disruption (P = 0.019), larger FAZ area (P =
0.002), and lower deep plexus local fractal dimension (P =
0.012) associated with worse BCVA levels (adjusted R? = 0.43).
In both models, neither tumor distance to the fovea nor total
macular irradiation had a significant influence on BCVA.

Di1scussION

These results illustrate the variable alterations affecting the
macula and its vasculature after proton-beam therapy for uveal
melanoma, and how they influence visual function. All
investigated OCTA-derived metrics were altered in irradiated
eyes, as compared to fellow eyes. Visual acuity was indepen-
dently influenced by larger FAZ area, lower deep plexus
vascular density, and lower deep plexus local fractal dimen-
sion. Younger age and presence of ellipsoid zone disruption
were also independently associated with worse vision.
Moreover, tumor proximity to the fovea and total macular
irradiation had a negative influence on visual acuity in the
univariate, but not in the multivariate analysis, showing the
unpredictive course of radiation maculopathy with respect to
tumor- and treatment-related characteristics. Accordingly, Patel
et al.?® have reported that a proportion of eyes with uveal
melanoma involving the fovea maintain good vision despite
macular irradiation.

Signs of radiation maculopathy on fundus examination are
detected in up to 89% of eyes with uveal melanoma within 3
years of proton-beam treatment.?! Macular irradiation and

diabetes®! are recognized as risk factors for radiation macu-
lopathy. In uveal melanoma involving the fovea, smaller tumors
and better baseline BCVA are identified as independent factors
of better visual outcome.?°

OCTA is particularly suitable to image microvascular
changes such as capillary nonperfusion, telangiectasia, and
FAZ alterations, hallmarks of radiation maculopathy.?!-24
However, no study has yet evaluated OCTA changes after
proton-beam therapy, and their relationship with visual
function. After plaque brachytherapy, Veverka et al.'> describe
gradual alterations of the macular microvasculature on OCTA.
Shields et al.'# have reported a decreased capillary density in
both plexuses, as well as FAZ enlargement. Finally, Say et al.?>
have reported decreased capillary density in irradiated eyes
without clinically patent maculopathy.

In the present study, we identified a relationship between
radiation-induced microvascular changes on OCTA and visual
function, using three different endpoints: FAZ area, automated
built-in vascular density, and custom local fractal dimension of
the vascular network. These endpoints reflect macular
capillary network disorganization and consistently showed
some degree of correlation with each other. The multivariate
analysis confirmed that FAZ, deep plexus capillary density, and
deep plexus local fractal dimension were associated with visual
acuity. Noticeably, an observer-dependent grading of capillary
network integrity was correlated to these morphologic
parameters, illustrating the relevance of a clinical grading
system based on OCTA in radiation maculopathy, as previously
proposed.'>

Although no study has yet compared vascular changes on
OCTA following brachytherapy and proton-beam irradiation, a
qualitative comparison of our findings with the detailed
characteristics reported by Shields et al.'* shows a comparable
FAZ enlargement (1.12 vs. 1.25 mm?), after similar mean
duration since irradiation (45.1 vs. 46 months). Authors have
also reported vascular densities based on a custom method
before it became standardized in OCTA devices, which
prevents reliable comparison. Therefore, additional studies
evaluating both modalities with standardized OCTA metrics are
needed to compare their impact on retinal plexuses, and
potentially identify predictive biomarkers of treatment out-
come.

Interestingly, comparable results have been reported in
other disorders presenting perifoveal capillary dropout. FAZ
enlargement is related to worse vision in diabetic retinopathy
and retinal vein occlusions.?®?” Capillary density of both
plexuses is correlated to visual loss in diabetic retinopathy,?®
branch retinal vein occlusion,??3° and idiopathic macular
telangiectasia type 1 (MacTel1).3! In addition, several investi-
gators have shown that decreased perfusion is more frequent
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Ficure 3. Spectrum of microvascular alterations in radiation maculopathy following proton-beam therapy for uveal melanoma visualized by
multimodal imaging. Color fundus photograph at tumor diagnosis showing its localization with respect to the macula (upper line). Optical
coherence tomography angiography of the superficial (second line) and deep (third line) capillary plexuses. Fluorescein angiogram 30 to 50
seconds after dye injection (fourth line) and horizontal foveal optical coherence tomography scan (lower line). Radiation maculopathy of variable
severity was diagnosed in three subjects: a 47-year old man with minimally damaged superficial and deep plexuses (left column, case 1), a 67-year
old man with disrupted superficial and deep plexuses (middle column, case 2), and a 63-year old woman with disorganized superficial and deep
plexuses (right column, case 3).
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Tasii 3. Optical Coherence Tomography and Optical Coherence Tomography Angiography Characteristics According to the Final Visual Acuity in
93 Patients Who Underwent Proton-Beam Therapy for Uveal Melanoma

<20/200 20/125-20/50 >20/40
Final BCVA, Snellen (n=33) (n = 41) (n=19)
Central macular thickness, pm 323 * 186 309 = 104 286 *= 63
Central macular thickness absolute change,* um 137 = 140 81 = 80 46 * 49
Intraretinal cysts, No. (%) 19 (58) 20 (49 6 (32)
Ellipsoid zone disruption, No. (%) 27 (82) 26 (63) 737D
Foveal avascular zone area,f mm? 2.038 = 1.953 0.697 = 0.730 0.470 = 0.505
SCP qualitative grading, No. (%)
Minimally damaged 6 (18) 16 (39) 13 (68)
Disrupted 13 39 23 (56) 6(32)
Disorganized 14 (43) 20 0 (0)
DCP qualitative grading, No. (%)
Minimally damaged 2 (6) 3 11 (58)
Disrupted 7 2D 32 (78) 8 (42)
Disorganized 24 (72) 6 (15) 0 (0)
SCP capillary density 37.0 £ 3.8 39.0 = 4.8 42.8 = 6.0
DCP capillary density 42.6 £ 6.7 448 =55 498 + 49
SCP local fractal dimension 1.804 = 0.047 1.817 = 0.050 1.851 *+ 0.048
DCP local fractal dimension 1.790 * 0.106 1.827 = 0.055 1.856 = 0.042

Continuous quantitative values are reported as mean * standard deviation.
* Compared to a reference thickness of 261 pm, observed in 35 nonirradiated fellow eyes.

T Measured at the level of the superficial capillary plexus.

in the deep than superficial plexus, in central or branch vein
occlusion,32-34 diabetic retinopathy,>> and MacTell.3° In
resolved branch retinal vein occlusion, deep plexus non-
perfusion has recently been identified as a more critical
determinant of BCVA than superficial plexus nonperfusion.3?
Noticeably, vascular and structural alterations of radiation
maculopathy present similarities with diabetic retinopathy;,
retinal vein occlusion, or MacTell, including macular edema,
microaneurysms, and capillary nonperfusion.

In the present study, OCTA revealed that the deep plexus of
irradiated eyes was more severely altered than the superficial
plexus. Consistently, Spaide3® has reported one case of
radiation maculopathy, using volume-rendering display, that
showed alterations of both plexuses in the irradiated area, and
adjacent areas of deep plexus nonperfusion colocalizing with
macular edema. A similar pattern is visible in Figure 3, case 3.
Whether deep plexus disruption is a cause or consequence of
macular edema is not elucidated. Deep plexus alterations may
impede the intake of interstitial fluid flow from the superficial
to the deep plexus, leading to intraretinal fluid accumulation.3®
Deep plexus disruption could also result from tissue displace-
ment by cystoid edema cavities, but the possibility of small
interconnected capillaries forming this plexus to be stretched
by edema is unlikely.3>3¢ Finally, it could also result from
shadowing or edema-related signal artifacts.333%37 Here, the
causal relationship between edema formation and deep plexus
alteration was possibly indicated by the stronger correlation of
CMT (and CMT change) with deep plexus changes, assessed by
grading, vascular density, and local fractal dimension, than with
superficial plexus changes (see Table 4). Importantly, this
effect was controlled after statistical adjustment in the
multivariate analysis, indicating that deep plexus abnormalities
influence visual acuity independently from the presence of
edema.

Several hypotheses could explain the greater radiosensitiv-
ity of deep plexus than superficial plexus capillaries. Micro-
vascular radiation injury generates endothelial cell loss by
impairing cell division, leading to progressive capillary closure
and delayed-onset microangiopathy. This cytotoxic effect

results from “direct” DNA damage by radiation, which impairs
cell division, and “indirect” free radical generation, which in
turn induces DNA alterations.>® Although endothelial cell
turnover is slow,?® an increasing fraction of endothelial cell
population enters mitosis over the months following irradia-
tion, triggering foci of endothelial damage and leading to
microangiopathy.“® Radiation-induced injury to retinal capillar-
ies may also depend on other mechanisms than cell cycle
disruption. The smaller-caliber deep plexus capillaries are
more vulnerable to obturation by endothelial cell swelling,
than larger superficial capillaries. Consistently, smaller capil-
laries are more radiosensitive than larger ones.?! Another
possibility would be the different nature of endothelial cells in
the deep plexus, where capillaries form an interconnected,
short-segment meshwork drained by small vortices.*? In
addition, the deep plexus is mainly composed of capillaries,
unlike the superficial plexus formed by gradually smaller
arterioles, capillaries, and progressively larger venules. Finally,
deep plexus flow derives exclusively from the superficial
plexus, so that deep plexus endothelial cells may receive a
greater amount of downstream inflammatory or apoptotic
signaling molecules from the upstream part of the superficial
plexus after irradiation.

This study also identified younger age as an independent
factor of worse visual outcomes in radiation maculopathy.
Younger age has already been recognized as an independent
risk factor for radiation maculopathy after plaque brachyther-
apy,* although this finding remains controversial.“ As detailed
above, radio-induced endothelial damage mostly results from
apoptosis during cell division. Yet, endothelial cells become
less proliferative with older age, undergoing fewer cellular
divisions over time and ultimately not proliferating, a state
called replicative senescence.®>4¢ This effect of aging may
explain the greater radiosensitivity of the macular microvascu-
lature in younger subjects.

Ellipsoid zone disruption, indicating photoreceptor damage,
was associated with worse visual outcomes after irradiation.
Consistently, photoreceptor damage may result from long-
standing macular edema, as observed here. Several factors not
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Tasie 5. Factors Influencing Best-Corrected Visual Acuity in 93 Patients Who Underwent Proton-Beam Therapy for Uveal Melanoma, Assessed by

Multivariate

Model 1 With Model 2 With Local
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Univariate Capillary Density Fractal Dimension
Coefficient Coefficient Coefficient
(Standard Error) P Value: (Standard Error) P Value§ (Standard Error) P Value§
Clinical parameters
Male sex 0.18 (0.12) 0.14 - - - -
Age, by 10-y intervals —0.09 (0.05) 0.068 —0.11 (0.04) 0.014 —0.11 (0.04) 0.017
Hypertension 0.06 (0.13) 0.63 - - - -
Diabetes —0.19 (0.22) 0.40 - - - -
Tumor height > 5 mm 0.17 (0.13) 0.18 - - - -
Tumor distance to fovea, DD —0.18 (0.05) 0.001 - - - -
Macular detachment at presentation 0.29 (0.13) 0.024 - - - -
Total macular irradiation 0.47 (0.13) 0.0008 - - - -
Time since irradiation, by 1-y intervals 0.02 (0.02) 0.38 - - - -
OCT and OCTA parameters
Central macular thickness, by 50 um 0.05 (0.02) 0.019 - - - -
Central macular thickness absolute 0.03 (0.01) <0.0001 - - - -
change,* by 10-um intervals
Intraretinal cysts 0.27 (0.12) 0.030 - - - -
Ellipsoid zone disruption 0.40 (0.12) 0.002 0.26 (0.12) 0.034 0.30 (0.12) 0.019
Foveal avascular zone areat 0.22 (0.04) <0.0001 0.13 (0.04) 0.0006 0.13 (0.04) 0.002
Capillary density, SCP —0.04 (0.01) 0.001 - - X X
Capillary density, DCP —0.04 -0.01) <0.0001 —0.03 (0.01) 0.008 x x
Local fractal dimension, SCP —3.18 (1.19) 0.009 X X - -
Local fractal dimension, DCP —3.19 (0.72) <0.0001 b'e e —1.81 (0.7D) 0.012

Visual outcome was represented by visual acuity converted to the logarithm of minimal angle of resolution. DD, disc diameter.
* Compared to a reference thickness of 261 pm, observed in 35 nonirradiated fellow eyes.

T Measured at the level of the superficial capillary plexus.

# Univariate linear regression, with best-corrected visual acuity as outcome (logarithm of the minimum angle of resolution).
§ Multivariate generalized linear model, with best-corrected visual acuity as outcome (logarithm of the minimum angle of resolution). Capillary
density and local fractal dimension of both plexuses were computed in two separate models owing to their strong correlation. Adjusted R? = 0.44

(model 1) and 0.43 (model 2).

influencing the visual outcome were also identified. Treatment
by anti-VEGF did not modify the visual outcome because at the
time of OCTA examination it had been administered mostly as
prophylaxis to reduce the risk of secondary neovascularization,
as previously reported.®” The few number of eyes that received
anti-VEGF because of macular edema had lower BCVA,
inducing a selection bias. Recent data suggest that prophylactic
bimonthly anti-VEGF therapy may contribute to vision reten-
tion after proton-beam therapy for tumors close to the
macula.® Further studies are needed to address the exact
effect of anti-VEGF agents on radio-induced OCTA features.

In this report, local fractal dimension was used to assess
superficial and deep plexus disorganization in OCTA images.
Fractal dimension has previously been used to investigate the
retinal microvasculature in fundus-52 or OCTA'?12.13 jmages.
By evaluating pattern repetition at different scales,> fractal
dimension is particularly adapted to assess the integrity of
arborized vascular networks. However, the retinal vasculature
does not follow a perfect fractal behavior at all scales.
Therefore, the “local” fractal dimension, limiting the fractal
analysis to a given scale range, as illustrated in Figures 1 and 2,
may provide a reliable indicator of fractal behavior of the
macular capillary network on OCTA.

This study had limitations, including its retrospective design
and the use of the recent OCTA technology that lacks
consensual terminology®? and processing tools. Moreover,
artifacts in OCTA acquisition and interpretation may alter the
results, although low-quality images were discarded. Say et al.>>

have provided a comprehensive list of potential artifacts in
OCTA imaging of irradiated eyes and shown that they were
more frequent in eyes with worse visual function.

Overall, these results identified structural and microvascular
factors contributing to the visual outcome of eyes with
radiation maculopathy. Although FA remains the gold standard
for the diagnosis and prognosis of radiation maculopathy,
OCTA-derived quantitative metrics may offer promising tools.
Future studies should evaluate the role of OCTA in predicting
treatment response in radiation maculopathy.
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